1. A long-standing question in biology is whether longevity is greater in females or in males for most non-human species. This is an open question for the majority of species because little is known about the nature of the underlying mortality differences. 2. Examination of mortality data on approximately 600000 medflies of each sex revealed a demographic paradox-male medflies possessed the higher life expectancy (average longevity) but female medflies were usually the last to die. 3. The underlying demographic cause of this incongruency was a male-female mortality crossover-females exhibited higher mortality than males to around 3 weeks, lower mortality than males from about 3-8 weeks, and mortality approximately equal to that of males thereafter. 4. The findings help explain the ambiguity of male-female longevity differences in the literature, suggest that relative male-female survival cannot be used as a proxy for sex mortality differences, shed light on sex biasing of older ages, and underscore the difficulties with comparative aspects of ageing. 5. We propose a general framework for sex-mortality differentials in which the underlying mortality factors are grouped into three interrelated categories: constitutional endowment, reproductive biology and behaviour. This framework provides conceptual structure as well as insights into how complex patterns in the sex-mortality ratio can arise.
there is some evidence that adult populations of many animal species contain more females than males, most of these studies do not consider survival to an age approaching the potential limit for the species as implied by the word longevity.' Gavrilov & Gavrilova (1991) state 'The hopes connected with the search for general biological mechanisms underlying these [sex] differences seem to be in vain, since, despite the widespread opinion to the contrary, the greater life span of females is not in itself a general biological regularity. ' In examining sex-specific demographic data from a 107 large-scale medfly Ceratitis capitata (Wiedemann) life table study (experiment 3 in Carey et al. 1992), we discovered a paradox with respect to male-female life table traits-in 167 cohorts averaging 7200 flies each, males usually possessed the higher life expectancy but females were usually the last to die. These patterns suggested that the underlying mortality schedules for the sexes were inconsistent with several long-held assumptions about the nature of sex mortality and longevity differences in the population biology, ecology and gerontology literature (Hamilton 1948 The demographic incongruency' in medfly malefemale longevity can only be explained as due to an underlying mortality crossover where age-specific death rates of one sex must be higher up to a particular Brody & Brock (1985) believe that sex differences alone provide one of the most promising areas of research into longevity available to science.
( 8%); experiment 3: 12:12 light-dark cycle, 24-0?C (+ 2?C) and 65% relative humidity (? 9%). In experiment 1 a single pupa and adult food (3:1 sugar to protein dry mixture) were placed in 1-oz cups. The cups were then attached by the upper rim to the underside of a 60 cm x 90 cm screened tray which, in turn, was placed in a vertical holding rack. Water was supplied to each fly with a moist dental wick. Flies in experiment 2 were also confined alone. Conditions in this experiment differed from those in experiment 1 in three respects--35-ml tissue culture cells (Falcon? 24-cell units) were used rather than the I-oz cups, sugar alone was the food source, and flies obtained water from a layer of saturated cotton placed on top of the cells. For experiment 3 pupae were sorted into one of five size classes using a pupal sorter. This enabled size dimorphism to be eliminated as a potential source of sex-specific mortality differences.
Approximately 7200 medflies (both sexes) of a given size class were maintained in each of 167 meshcovered, 15 cm x 60 cm x 90 cm aluminum cages. Adults were given a diet of sugar and water, ad libitum, and each day dead flies were removed, counted and their sex determined. Mortality rates were determined for a total of 21204 individuals in experiment 1, a total of 27 181 individuals in experiment 2 and a total of 1 203 646 individuals in experiment 3.
Demographic methods used in the analysis follow those given in Chiang (1984), Manton & Stallard (1984) and Carey (1993). Three main parameters were used in the analysis: (i) age-specific mortality, q,, defined as the fraction of individuals alive at age x dying in the interval x to x+ 1; (ii) age-specific survival, I,, defined as the fraction of the initial number of individuals remaining alive at age x; and (iii) expectation of remaining life at age x, e,, defined as the average remaining lifetime for an individual who survives to age x. The first two parameters computed for males and females were used to determine two ratios: (i) sex-mortality ratio, which is the age ratio of the q, schedules for males and females; and (ii) sexsurvival ratio, which is the age ratio of the I, schedules for males and females. The age-specific mortality rates for male and female medflies are given in Fig. I Fig. 1 . Smoothed male and female age-specific mortality rates from cohorts consisting of approximately 600000 medflies of each sex. Curves were smoothed using a 7-day running mean (geometric).
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SEX MORTALITY AND SURVIVAL RATIOS
The ratio of the age-specific male and female mortality schedules showed both the relative differences in the mortality levels and the patterns of convergence, crossover and divergence (Fig. 2) . The sex-mortality ratio indicated that the greatest relative difference between male and female mortality at the younger ages occurred at around day 16, when male rates differed from female rates by a factor of 0-7. After the mortality crossover, male mortality was higher than that for females by a factor of around 1-3 from 30 to 60 days. The effects of these mortality differences on the relative abundance of each sex were not offsetting, since the male advantage occurred when the rates of both sexes were relatively low whereas the female advantage occurred when the rates of both sexes were relatively high.
The numerical consequences of these mortality ratios on the relative abundance of each sex is indicated by the sex-survival ratios-the ratio of male to female survival rates. At 25 days the males outnumbered females by 1 6-fold. However, by 40 days the number of each sex was equal and at older ages the number of males was only 0-4 that of females. These trends show that age-specific sex ratio is neither fixed nor biased towards only one sex at all ages. The relationship between sex mortality rates and relative abundance reveals that the sex-survival ratio cannot be used to estimate sex-mortality differentials. Three comparisons illustrate this point: (i) from ages 0 to 14 the sex-survival ratio was constant and near unity, but the proportional sex-mortality differences were high and increasing; (ii) at 40 days the proportional mortality differences were again high (though reversed) and constant, however the male-female ratio was near unity and decreasing; and (iii) at ages greater than 60 days the cohort was strongly female biased but the sex-mortality differences were virtually non-existent.
COHORT VARIABILITY
Evidence of the occurrence of male-female mortality crossovers in most of the 167 cages is shown in Fig. 3 . The clustering of points above the isometric (diagonal) line for mortality rates at 10 days reveals that female mortality exceeded that of males in nearly 90% of all cages at this early age. In contrast, the clustering of points below the isometric line for mortality at 30 days indicates that male mortality exceeded that for females in over 95% of all cages at this later age. cates that female mortality within the cage was higher at the specified age than was male mortality at that age. Sex differences in mortality among all cages at both 10 and 30 days were statistically significant (P < 0.001). above the line indicates that female expectation of life at the specified age within the cage was higher than was male expectation of life at that age. Sex differences in expectations of life among all cages at 0 and 30 days were statistically significant (P < 0-001).
the crossover was to bias the cohort in favour of females at older ages. The last fly to die in a cage was four times more likely to be a female than a male (Fig. 5) .
COHORTS MAINTAINED IN SOLITARY
CONFINEMENT
solitary confinement, as shown in Fig. 6 . In both cases male mortality was less than female mortality until 18-22 days when the mortality crossover occurredfemale mortality was then lower than male mortality. The male: female ratio at older ages ranged from 0-7 to 0-8 at older ages for both experiments, as shown in the survival ratios. These findings for medflies that were held in uncrowded environments and were not allowed to mate or reproduce suggest that the malefemale mortality crossover and female bias at older ages is due to differences in the basic biology of the sexes and is not unique to conditions for either mated flies or those maintained in groups. The combined effects of mating and density, as observed in the mortality data for flies maintained in cages, amplifies the sex-mortality differential but does not change its fundamental pattern.
MORTALITY CROSSOVER EXPLANATIONS
There are two possible explanations for the malefemale mortality crossovers. The first explanation is that the mortality crossover could be an artifact of compositional change in the male and female subpopulations due to demographic heterogeneity ( Manton & Stallard (1984) believe that as a complement to the concept of crossover, attention should be paid to the concept of a peak mortality differential-the age at which the greatest proportional difference exists between the age-specific mortality rates for the two populations. They suggest that it is quite possible that an explanation of the peak differential may serve to explain mortality convergence and crossover. They state, 'This is because once it is understood why the peak differential occurs at that point in the age range, the later convergence and crossover of the two mortality curves may turn out to be a natural consequence of the mortality dynamics involved in the explanation. ' It is likely that the age patterns for the medfly sexmortality ratio are at least partly due to differences in both physiological and behavioural costs of reproduction (e.g. gonadal activity and mating), as reflected in two peaks in mortality differentials. The first peak in the sex-mortality ratio occurred at about 2 weeks, when mortality was lower for males than for females; egg production in females is greatest from 7 to 14 days (Vargas 1989). The second peak was flatter than the first and occurred at around 30 days. This was after the mortality crossover and extended through ages when male mortality exceeded female mortality; this specific factors-endowment, reproductive biology and behaviour-determine the overall 'susceptibility to death' for each sex which, when filtered through environmental, biological and other factors, produces a 'probability of death'. The two concepts-susceptibility and probability-are not equivalent (Kannisto 1991). This is because mortality often runs counter to constitutional frailty due to behavioural factors. As Kannisto (1991) notes, boys die of accidents more frequently than girls, not because boys are more frail but because they take greater risks; reproducing females often experience higher death rates than males of the same age due to the high cost of offspring production and not due to differences in frailty, per se. In both cases, however, the sex differentials in risktaking or in costs often diminish with age. Consequently differences in frailty or endowment may account for most of the sex mortality differential at older ages, whereas differences in both behaviour and reproductive biology between the sexes may account for the largest proportion of the sex mortality differential at younger ages, ceteris paribus. The combination of all factors will ultimately determine the overall 'sex survival differential' at advanced ages because survival is cumulative; differential mortality at young ages will affect the relative survival to older ages and thus influence the sex bias at advanced ages.
DEMOGRAPHIC IMPLICATIONS OF THE MORTALITY CROSSOVER
Discovery of a male-female mortality crossover has several implications in population biology, demography and gerontology. One implication involves the specific question of male-female longevity differences. Without an awareness of the nature of the malefemale mortality schedules, and specifically the mortality crossover, sex differences in longevity could be interpreted in three ways: A second implication is that the results cast doubt on the assumption that sex ratio is biased toward only one sex throughout the life course of most species. The consequence of the mortality crossover around day 20 and its persistence through day 60 was to shift the sex ratio from a male bias at young ages to a female bias at middle ages. Females were the last to die, not because female mortality was lower at the older ages, but because mortality rates of both sexes were low and mortality differentials were small at advanced ages. This aspect is important because it sheds light on the dynamics of sex biasing. For example, the sex ratio at birth in humans is 1-05 (male: female) in most developed countries such as the USA. However, by 30 years of age the sex ratio is 50:50 due to excess male mortality. By age 85 females outnumber males by 3:1 (Taeuber & Rosenwaike 1992).
A third assumption that is that sex ratio cannot be used as a proxy for sex mortality differentials for two reasons: (i) survival differences not only lag behind mortality differences, but may result from mortality patterns that are exceedingly complex, as shown in Fig. 2 . This complexity is not revealed in survival differences because survival is cumulative; and (ii) growing populations contain smaller fractions of their total membership in the older age classes than do stationary or declining ones. Therefore, a population in which a male-female mortality crossover exists may be biased toward one sex when it is increasing but biased toward the other sex when it is decreasing (Keyfitz 1985). Thus shifts in population sex ratio may reflect changes in growth rate and not changes in relative male-female mortality patterns.
A fourth implication concerns the population If the relative rate of change in mortality with age is used to compare senescence rates between two populations, then senescence for males relative to females is lower from ages 0-20 days, higher from 21-60 days and the same from 60 days onward. If life expectancy differences at eclosion are used as the criteria for differences in ageing rates, then female medflies age more rapidly than males. However, the majority of the 2 5-day gap in male-female life expectancies at eclosion can be explained as due to sex-mortality differences at the relatively youthful ages between 11 and 20 days (Carey 1993).
That the complex dynamics of sex-mortality differentials in non-human species has previously been unrecognized is of little surprise. This is because the vast majority of life-table studies on non-human species are based on relatively small numbers of individuals, because determining sex-specific mortality and sex ratio in the field is exceedingly difficult and because most life-history studies have been concerned historically with survival rather than mortality differences. As Ehrlich et al. stated (1984): 'Thus a seemingly simple thing like sex ratio is, in detail, quite complex both to define and to estimate. ' It is doubtful that sex-mortality differentials observed in the laboratory for any species including the medfly would be similar to those in the field. Unlike populations in the field which usually consist of individuals in a variety of different ages, the laboratory medflies were maintained as same-aged cohorts within each cage at densities far higher than would ever be experienced in nature. Consequently extrapolation of specific findings such as crossover age to field situations is probably not valid. However, the general finding that male-female mortality rates may crossover under some circumstances is important in a broader context and raises the likely possibility that sex-specific differences in life tables for many species may be far more complicated than previously realized. Indeed, whether males or females live longer may be equivocal in some species. However, as Zuk (1990) notes, generalization of specific results on malefemale mortality differences from one species, that is adapted to a particular set of circumstances, to other species, is probably risky. We believe that future biological research focusing on causal mechanisms underlying convergence, crossover and divergence of malefemale mortality rates with age will be more important to understanding gender differences in ageing than will a continuing quest to demonstrate the universality of a female longevity advantage. 
